Summary
Introduction
Obesity is characterized by excess body fat and is often accompanied by inflammation and insulin resistance (1) . Approximately one third of 5 to 17-year olds, an estimated 1.6 million, were classified as overweight (19.8%) or obese (11.7%) in 2009 to 2011 in Canada (2) , and 17% of 2-19-years olds (~12.7 million) were classified as obese in the United States in 2011 to 2014 (3) . Obesity in children poses a major health threat and may lead to the development of type 2 diabetes, cardiovascular diseases and cancer (4). In order to develop strategies for prevention and treatment of childhood obesity, it is fundamental to understand the disease pathophysiology using an appropriate animal model. Rodent models are commonly used in obesity research; however, vast differences in eating habits, metabolism and physiology between rodents and humans impede the translation of findings into prevention and treatment strategies for humans (5) . In addition, rapid disease development in rodents is unsuitable to study obesity development in detail. Alternatively, pigs have a relatively long developmental period, are physiologically similar to humans, have comparable pancreas morphology and share similar gastrointestinal structure and function (6, 7) . Dietary manipulation is adequate to induce obesity in adult swine models with a 6-month high-fat/ high-sucrose diet inducing insulin resistance, mild diabetes and atherosclerotic lesions in minipigs (8) . When fed high-fat diet (HFD) for 40 weeks, Ossabaw swine develop obesity, glucose intolerance and dyslipidaemia (9) . On the other hand, increased propensity for obesity and metabolic disease is now associated with early life antibiotics (10) . In a previous study, early life antibiotic exposure in piglets altered metabolic regulation with a standard diet, however failed to change fat deposition (11) . It was expected that the lack of difference in adiposity was due to the absence of a dietary challenge. To date, no models of childhood obesity induced by short differential feeding periods have been established in pigs.
Persons with lean and obese phenotypes have major distinctions in their gut microbial profiles (12, 13) . Pigs, with similar gastrointestinal structure and function to humans, may recapitulate this feature. However, previous studies using HFD-treated pig models have failed to properly characterize gut microbial composition (8, 9) or have characterized microbial composition without observing signature phenotypes of obesity (14, 15) . Therefore, it was hypothesized that a 5-week HFD is sufficient to induce obesity and alter gut microbial composition in adolescent pigs. The objectives of the current study were to develop an adolescent pig model for childhood obesity and evaluate disease characteristics of the resulting model.
Methods

Animals and experimental design
The animal study was approved by the Animal Care and Use committee of the University of Alberta according to guidelines of the Canadian Council on Animal Care and was conducted at the Swine Research and Technology Centre (Edmonton, AB, Canada).
A total of 12 crossbred pigs (Duroc × Large White/ Landrace), reared together after weaning on postnatal day (PND) 21, were selected on PND 35 and moved to individual metabolic pens for a 2-week acclimation period with ad libitum access to a standard low-fat diet (LFD ,  Table S1 ) and water. On PND 49, an oral glucose tolerance test (OGTT) was conducted to ensure similar glucose tolerance of all pigs. Pigs were randomly assigned (n = 6/treatment) to a HFD (fat: 21%, w/w) or LFD (fat: 4.3%, w/w) (Table S1 ) and were fed ad libitum for 5 weeks. Essential amino acids, vitamins and minerals in both diets were balanced based on metabolizable energy. Animals were housed at 22-25°C with a 12-h photoperiod. Body weights were recorded weekly from birth, and feed intake was recorded daily from PND 38 to 84.
Blood glucose and plasma insulin measurement
On PND 77, OGTTs were performed after an overnight fast as previously described (11) . Briefly, pigs were fed 50 g of LFD mixed with 2 g kg À1 bodyweight glucose solution.
Upon finishing the meal (time 0), blood glucose was measured from the ear vein in 15-30 min increments over 150 min. Additional blood samples were collected from À15 to 60 min in 15 min increments for plasma. Samples were centrifuged at 1,500 rpm for 10 min at 4°C and plasma collected and stored at À80°C until assayed for insulin by enzyme-linked immunosorbent assay, according to the manufacturer's instructions (ALPCO Diagnostics, Salem, N.H., USA). Blood glucose and plasma insulin concentrations were plotted as a function of time, and area under the curve (AUC) was calculated (11 RNA isolation and quantitative real-time polymerase chain reaction
Total RNA was extracted from the ileum and proximal colon using the GeneJET RNA Purification Kit (Thermo Fisher Scientific) as previously described (11) . TRI Reagent® (Sigma, Oakville, ON, Canada) method was used to extract RNA from back fat (16) . cDNA was synthesized using Maxima First Strand cDNA Synthesis Kit (Thermo Fisher Scientific). Quantitative real-time polymerase chain reaction (PCR) was performed as previously described (11) using primers listed in Table S2 . Data were analysed using the comparative CT (2 ÀΔΔCT ) method as described previously using glyceraldehyde phosphate dehydrogenase as the housekeeping gene.
DNA extraction and 16S rRNA sequencing ) was amplified targeting V3-V4 regions of the bacterial 16S rRNA genes using the universal primers. PCR was performed using KAPA HiFidelity Hot Start Polymerase (Kapa Biosystems, Inc. Wilmington, MA, USA): 5 min at 95°C, 25 cycles of 20 s at 98°C, 15 s at 55°C, 1 min at 72°C, hold at 4°C. Subsequently, PCR products were purified using AMPure XP beads (Beckman Coulter, Inc. Mississauga, ON, Canada), then dual indices and Illumina sequencing adapters were attached using Nextera XT Index Kit (Illumina, Inc. Victoria, BC, Canada). Cycling conditions were 5 min at 95°C, 10 cycles of 20 s 98°C, 15 s 55°C, 1 min 72°C, hold at 4°C. PCR products were purified again, concentration measured and diluted to 4 nM. Aliquot of 5 μL of each diluted DNA was mixed for pooling libraries. Pooled library (5 μL) was size-selected and denatured with NaOH, diluted to 4 pM in Illumina HT1 buffer, spiked with 20 PhiX and heat denatured at 96°C for 2 min prior to loading. A MiSeq 600 cycle v3 kit was used to sequence each sample on an Illumina MiSeq sequencer. Nextera adapter sequences were used for run trimming.
Sequence data processing
Sequence data were analysed using a QIIME pipeline (MacQIIME 1.8.0 OS10.10) (17). PANDAseq was used for quality filtering and to assemble paired end reads into contigs with miscalled or uncalled bases discarded (18) . Resulting sequences were cleared of chimeras and singletons using UCHIME and UPARSE workflows, respectively, and were subsequently clustered into operational taxonomic units (OTUs) having >97% similarity with USEARCH (19) . Taxonomy was assigned using QIIME default setting, Ribosomal Database Project classifier V2 (20) . Alpha-diversity and beta-diversity estimations were conducted using the QIIME workflow core_diversity_analysis.py (21) . Briefly, alpha diversity was estimated using Inverse Simpson and Shannon indices (22) . Differences in microbial communities between groups were investigated using nonmetric multidimensional scaling phylogeny-based Bray-Curtis dissimilarity (Paleontologic Statistics Software Package, Ø. Hammer et al., 2016).
Statistical analysis
Data were presented as means and standard deviation of the mean (stdev). Two-way ANOVA with repeated variable of time was used to compare glucose, insulin, body weight, feed intake and energy intake between treatments followed by Bonferroni post hoc tests. Student's t test was used to compare glucose and insulin AUC, LPS concentrations, IAP activity, alpha diversity and gene expression between groups. Relative abundance of microbial taxonomy was non-normally distributed and thus analysed using Kruskal-Wallis rank sum test. Data were analysed using GraphPad Prism v. 6.02 (La Jolla, CA) and SAS (University Edition). The level of significance was set at P < 0.05.
Results
Prior to assigning pigs to HFD and LFD, no differences in daily feed intake, energy consumption, growth rates, glucose responses or AUC of the glucose response curve were observed among all animals (Figure S1A-E). In addition, no difference was observed in fasting glucose between the two groups (P > 0.05).
Short-term high-fat diet altered growth and feed intake
The effects of 5-week HFD on feed intake, energy consumption and body weight were determined. Pigs fed with HFD consumed more digestible energy (kcal d À1 ; Figure 1A , P < 0.05), even though their feed intake was reduced ( Figure 1B , P < 0.05), compared with LFD pigs. Consumption of HFD resulted in an average of 5 kg more weight gain than LFD over a 35-d period (P < 0.05, Figure 1C ).
Short-term high-fat diet increased adiposity and plasma cholesterol in pigs
The adiposity reflected in back fat thickness showed that pigs consuming HFD had significantly increased fat deposition compared with LFD pigs (P < 0.05, Figure 1D ). HFD pigs had significantly elevated concentrations of total cholesterol (P < 0.05, Figure 1E ) and LDL-c (P < 0.05, Figure 1F ) in non-fasting plasma compared with LFD pigs. High-density lipoprotein cholesterol (P = 0.83, Figure 1G ) and triglyceride (P = 0.55, Figure 1H ) concentrations were not different between HFD and LFD.
Short-term high-fat diet worsened glucose tolerance
Glucose intolerance is commonly seen in obesity (1), therefore, an OGTT was conducted to compare the effects of 4 weeks of HFD and LFD feeding. After overnight fasting, HFD pigs had a slightly increased blood glucose (P = 0.059, Figure 2A ) compared with LFD, with no difference in fasting plasma insulin (P > 0.05, Figure 2B ). Furthermore, postprandial blood glucose in HFD pigs was significantly higher compared with LFD (P < 0.01, Figure 2C ). In response to glucose challenge, blood glucose at 60 min was significantly elevated in HFD pigs compared with LFD (P < 0.05, Figure 2D ). The overall glucose response during OGTT, reflected in AUC of the response curve, was significantly higher in HFD compared with LFD (P < 0.01, Figure 2E ). In spite of increased glucose response, pigs consuming HFD had reduced insulin secretion at 30 min (P < 0.05, Figure 2F ) and a trend of lowered AUC of insulin response curve compared with LFD pigs (P = 0.09, Figure 2G ).
Short-term high-fat diet led to dysregulated gene expression in back fat Dyslipidaemia and glucose intolerance are commonly featured with adipose tissue dysfunction (23) . Representative genes involved in inflammation and adipogenesis were investigated in back fat. Pigs fed with HFD had increased mRNA levels of toll-like receptor 2 (TLR2), tolllike receptor 4 (TLR4), TNF (tumour necrosis factor) and transcription factor 7-like 2 (TCF7L2) (P < 0.05, Figure 3 ) compared with LFD-fed pigs.
Short-term high-fat diet altered microbial composition in ileal and proximal colon digesta
Intestinal microbiota from ileum and proximal colon digesta were characterized by sequencing bacterial 16S rRNA gene targeting V3-V4 regions using an Illumina MiSeq platform. The number of sequence reads obtained was 863,965, with an average of 28,000 reads per sample. Samples with less than 1,600 reads were eliminated resulting in n = 3/LFD and n = 5/HFD for ileum digesta and n = 6/LFD and HFD for proximal colon digesta. OTU clustering (97% similarity) resulted in a total of 180 OTUs in ileal digesta and 821 OTUs in proximal colon digesta.
Proximal colon digesta were predominated by Bacteroidetes and Firmicutes followed by Spirochaetes, Proteobacteria and Tenericutes. Bacterial community structure of the proximal colon changed dramatically in response to HFD, with significantly reduced Bacteroidetes (P < 0.05, Table 1 ) and a trend of increased Proteobacteria (P = 0.109, Table 1 ). The reduction in Bacteroidetes of HFD pigs was attributable to the reduction in genus Prevotella compared with LFD pigs (P < 0.05, Table 1 ). In the phylum Firmicutes of pigs 399 consuming HFD, genera Lactobacillus, Clostridium and Selenomonas increased, while Mitsuokella was reduced in comparison with LFD pigs (P < 0.05, Table 1 ). HFD pigs also had an increase in Oxalobacter and a reduction in Coriobacteriaceae (P < 0.05, Table 1 ). Due to distinct differences in taxonomic abundances, bacterial community structure between pigs consuming HFD and LFD was distinctly clustered in the principal coordinates analysis plot (ANOSIM P < 0.05; R = 0.607, Figure 4A ). Pigs consuming HFD tended to have increased alpha diversity, measured by Inverse Simpson Index (P = 0.093, Figure 4B ). Consistent with previous reports on microbiota of pigs, Firmicutes were dominant in ileum digesta of both groups, predominated by Clostridiaceae. Firmicutes was followed in abundance by Proteobacteria and Bacteroidetes (Table S3) . No statistically significant differences were observed in ileum digesta in microbial composition (P > 0.05, Table S3 ) or bacterial diversity (P > 0.05, Figure  S2B ) between the two groups. There was no distinction in ileum digesta microbiota community composition observed in the principal coordinates analysis plot on the relative abundance of bacterial OTUs using Bray-Curtis dissimilarity (ANOSIM P > 0.05, Figure S2A ).
Figure 1
Short-term high-fat diet (HFD) affected pig growth, feed intake and adiposity. Pigs consuming HFD had reduced feed intake (A), increased digestible energy consumption (B) and subsequent increases in body weight (C) over time in comparison with pigs fed low-fat diet (LFD). HFD pigs subsequently had increased back fat depth (D) compared with LFD pigs. Plasma total cholesterol (E) and low-density lipoprotein cholesterol (F), but not high-density lipoprotein cholesterol (G) and triglycerides (H), were increased in HFD-fed pigs compared with LFD pigs. Data are presented as mean and stdev (n = 6 per group). *P < 0.05, ***P < 0.001.
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High-fat diet affected ileal short chain fatty acid concentration High-fat diet-induced changes in gut microbial composition may lead to changes in digesta and plasma SCFA pools. Acetate, butyrate, isovalerate and total SCFA concentrations increased in ileum digesta of HFD pigs compared with LFD (P < 0.05, Table 2 ). With the exception of a minor increase in isobutyrate (P < 0.05, Table 2 ) in plasma of pigs consuming HFD versus LFD, no statistically significant differences in SCFA concentrations were observed in proximal colon digesta or plasma of pigs consuming either HFD or LFD (P > 0.05, Table 2 ).
Figure 2
Short-term high-fat diet (HFD) impaired glucose tolerance. HFD-fed pigs had slightly increased (not statistically significant, P = 0.059) fasting glucose concentrations (A), similar fasting insulin concentrations (B) and increased postprandial glucose concentrations (P < 0.05) (C) comparing with low-fat diet (LFD) pigs. During oral glucose tolerance test, glucose excursion (D) was different between the two treatments. HFD-fed pigs had increased glucose area under the curve (P < 0.05) (E), reduced insulin response to a glucose challenge (P < 0.05) (F), and a tendency to have lower insulin area under the curve (P = 0.09) (G) in comparison with LFD-fed pigs. Data are presented as mean and stdev (n = 6 per group). *P < 0.05, **P < 0.01. Table 3 ). HMOX1 tended to increase (P = 0.078, Table 3 ), and REG3γ tended to reduce (P = 0.096, Table 3 ) in ileal tissue from pigs consuming HFD versus LFD. Interestingly, in proximal colon tissue, only IL18 gene expression was significantly increased in pigs consuming LFD versus HFD (P < 0.05, Table 3 ), which showed the opposite pattern of that in ileal tissue.
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High-fat diet did not affect plasma lipopolysaccharide and intestinal alkaline phosphatase activity High-fat diet feeding has been associated with increased translocation of LPS and is thought to be an important mechanism of metabolic inflammation (24) . Therefore, circulating LPS concentrations and ileum IAP activity were measured but showed no differences (P > 0.05, Figures S3A and S3B ) between the two groups.
Discussion
To meet the increasing demand for an appropriate animal model of childhood obesity, the current study aimed to establish a novel animal model in adolescent domestic pigs by HFD feeding. This model proved to be sufficient to observe features of childhood obesity including alterations in body weight, glucose tolerance, cholesterol and lipid profiles, inflammatory markers and microbial composition.
Adolescent pigs fed a 5-week HFD developed an obese phenotype, having increased body weight and 46% greater back-fat depth compared with pigs HFD, high-fat diet; LFD, low-fat diet; ND, not detected.
consuming a LFD, which is in agreement with previous findings (25) . Back fat thickness is commonly used as a measure of obesity in pigs (26, 27) , and increased fat deposition is associated with dysregulated gene expression (such as TCF7L2 and leptin) that are high risk susceptibility genes for type 2 diabetes and obesity (28, 29) . Data are presented as means with stdev. *P values are for Kruskal-Wallis comparison between HFD and LFD (n = 6/HFD in ileum and n = 3/LFD in ileum; n = 6/HFD and LFD in plasma and proximal colon), SCFA, short chain fatty acid; HFD, high fat diet; LFD, low fat diet; ND, not detected; --, not calculated. In accordance, TCF7L2 gene expression in back fat was increased in HFD-fed pigs at PND84. HFD feeding is closely related with endotoxemia which is proposed to be a primary factor initiating obesity (24) . However, short-term HFD feeding did not change plasma LPS concentrations in this study. Nonetheless, TLR4 gene expression was increased in back fat from HFD pigs, as well as TLR2 and TNFα. In adipocytes, HFD feeding increases the expression of TLR2 and TNFα and the number of cells expressing TLR2/TNFα (30) , and activation of TLR4 induces TLR2 synthesis and TNFα production (31) . Also, TNFα inhibits adipogenesis mediated by a β-catenin/TCF7L2-dependent pathway (32) . Therefore, the increased gene expression observed is suggestive of activation of inflammation in back fat, indicating adipocyte dysfunction that need to be further confirmed. Furthermore, HFD pigs also exhibited increased circulating total cholesterol and LDL-c, which signifies the development of dyslipidaemia. All pigs in the current study started with equal body weight and feed intakes making the obese phenotype observed in HFD-fed pigs at PND 84 attributable to increased energy consumption, albeit with reduced voluntary feed intake, which was previously observed (33) .
In previous studies, feeding a HFD (~20%, w/w) to pigs for 7 (15, 25) or 11 weeks (14) was insufficient to observe changes in weight, but these studies neglected to characterize glucose tolerance, which is often impaired with obesity. Whereas, the present study found 5-week HFD feeding was adequate to induce obesity, including impaired glucose tolerance. The success of this study may be due to the early exposure of pigs to HFD on PND 49 versus 3 months of age in previous research. This indicates that early life exposure to HFD might have a greater influence on the development of metabolic dysfunction. In response to a standard glucose challenge, HFD-fed pigs had a significantly elevated glucose response compared with those fed with LFD during OGTT coupled with reduced insulin secretion suggesting pigs fed HFD had insufficient insulin secretion to promote glucose uptake, resulting in impaired glucose tolerance. Correspondingly, HFD pigs had significantly higher postprandial glucose at 180 min after glucose challenge, as well as an increasing trend in fasting blood glucose compared with LFD, even though no difference in fasting plasma insulin concentrations were observed between the two diet groups.
In rats, a 12-week HFD led to ileum inflammation with increased TLR4 activation and reduced IAP activity (34) . In the present study, ileum IAP activity was not different between the two diets. However, increased gene expression of TNFα was detected in the ileum of pigs consuming HFD versus LFD, indicating the possibility of HFDinduced upregulation of inflammatory response in the ileum. In addition, HMOX1, a proinflammatory biomarker found in obesity and metabolic disease (35) , tended to increase in expression in the ileum of HFD pigs. Interestingly, gene expression of IL18 was upregulated in the ileum. IL18 is an anti-obese/inflammatory cytokine secreted in the progression of obesity as a negative feedback signal, and paracrine IL18 secretion is able to decrease adiposity to balance fat accumulation in response to HFD in mice (36) . The increase in ileum IL18 gene expression is suggestive of negative feedback of pigs against HFD-induced obesity. On the other hand, the production of IL18 can be affected by gut microbiota (37) . The differential IL18 expression between proximal colon and ileum in HFD pigs might be a result of distinct microbial composition of the two sites, which need to be confirmed by further analysis. Ileal inflammation has also been associated with altered tight junction permeability (34) . However, ileal gene expression of ZO2 and OCLN did not differ between treatments, suggesting tight junctions might not be affected. This could be the result of increased butyrate concentrations in the ileum of pigs fed HFD, as microbial butyrate can restore the tight junction barrier (38) .
High-fat feeding-induced changes in abundance or metabolic activity of specific microbial taxa have previously been established. Reduced abundance of Bacteroidetes found in the current study is in agreement with previous findings in obese Ossabaw and Banna minipigs fed with high energy density diets (39, 40) and recapitulates findings in obese mice (41, 42) and humans (13) . In contrast, a recent study in conventional pigs found increased Bacteroidetes (Bacteroides group and Prevotella spp.) in both cecum and colon of pigs fed a HFD (25) . In obese Ossabaw minipigs, reduced abundance of genera Prevotella and increased abundance of Clostridium were observed in the colon compared with their lean counterparts, analogous to findings in the current study (40) .
In the present study, pigs fed with HFD had increased ileal concentrations of acetate, butyrate, isovalerate and total SCFA. Evidence has recently emerged showing that HFD (43) and obesity (41) are linked with increased acetate concentrations, in agreement with the current findings. Furthermore, HFD-induced increases in acetate production activate the parasympathetic nervous system, stimulating ghrelin and glucose-stimulated insulin secretion, hyperphagia, obesity and insulin resistance (43) . Consistent with this idea, HFD pigs in the current study consumed substantially more calories per day than LFD pigs, developed greater adiposity and became glucose intolerant.
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